Background: Exercise reverses retention deficit induced by morphine. The present study investigated the effect of aerobic exercise on tolerance to morphine usage and pain modulation. Materials and Methods: Male Wistar rats were divided into four groups as follows: (1) saline group (S), (2) morphine group (M), (3) saline + exercise (S + E), and (4) morphine + exercise group (M + E). The rats were initially trained to receive small pellets of food by pressing an active lever in the self-administration apparatus. The tail-flick and hot-plate tests were used for pain assessment. To perform the experiment, the jugular vein was exposed and cannulated. After recovery, the animals were placed in the self-administration apparatus and allowed to self-administer morphine in 2 h sessions over 11 consecutive days. Results: The morphine group was found to record a higher number of active lever pressings than did the saline one while this parameter decreased in the morphine + exercise group compared with the morphine one. Moreover, the morphine + exercise exhibited lowered pain sensitivity as evidenced to have reduced morphine use in the hot plate test.
Introduction
Research has revealed that the use of morphine is highly effective in pain relief, but that long-term use of opioids could produce complex behavioral changes such as tolerance, dependence, and sensitization [1, 2] probably due to changes in synaptic plasticity after long-term use of these agents. [3] Some studies have shown that the level of endogenous opioid decreases in discrete brain regions during morphine dependence. [4, 5] It has, therefore, been suggested that treatment of morphine tolerance and addiction is associated with the prevention of synaptic modifications. Morphine addiction is a chronic disorder that requires long-term treatment and medications have been developed that add to the benefits of psychosocial interventions for the prevention of craving and relapse. Nevertheless, most of these treatments have failed to produce satisfactory results.
Aerobic exercise has been shown to promote memory and other brain functions. Physical exercise is also reported to influence the central dopaminergic, noradrenergic, and serotonergic systems. [6] In particular, it leads to the release of certain neurotransmitters in the brain that alleviates both physical and mental pain. Studies have not only shown that the intensity of aerobic exercise is positively correlated with the release of opioid peptides but have also claimed that exercise might produce cross-tolerance to opioid agonists. [7] This hypothesis is supported by reports showing that chronic and voluntary wheel running decreases the anti-nociceptive response to mu-opioid drugs. [8] In contrast, induction of aversive responses in the condition place preference has been reported by these kinds of exercise to the kappa opioid drugs. [9] Accordingly, physical exercise might be used as a valuable aid to help people recover from morphine-addiction. Given the fact that the analgesic effects of exercise are due to the release of endogenous opioids, the present study was conducted to determine: (1) whether aerobic exercise would prevent morphine self-administration and (2) whether central and peripheral anti-nociceptive actions of morphine would be modulated after physical activity.
Materials and Methods

Animals
Randomly selected male Wistar rats (250-300 g) were group-housed and provided with food and water ad libitum. They were maintained under a day-night cycle with lights on between 07:00 and 19:00 h before they underwent surgery to implant an infusion system. After the surgery, the animals were placed in individual home cages where they were left to recover from the operation for 5 days before the experiment. The day-night cycle was reversed for 3 days before the tests, and the animals were recorded during the dark phase of the cycle. All the operations were carried out as recommended by the Ethical Committee of Isfahan University.
Self-administration apparatus
Before being surgically implanted with a chronic intravenous (iv) jugular catheter, the rats were initially trained to press a lever using food as reinforcement to aid in the acquisition of drug self-administration. Training and testing were accomplished in standard operant conditioning cages (21 cm × 21 cm × 28 cm) placed in a sound-attenuated room and ventilated with fans according to the procedures described in previous studies [10, 11] with minor modifications. The apparatus was equipped with active and passive levers, 2 cm above the floor, with a red light located 4 cm above the active lever. The iv cannula was connected to an infusion pump through a swivel to allow animals to move relatively freely. Pressing the active lever was marked by a red light and resulted in a 10 s infusion of 0.1 ml of the fluid through an infusion pump. The fluid was saline in the saline group and morphine (5 mg/ml) in the morphine groups. Pressing the active lever during this time (10 s) would not affect drug infusion. Pressing the passive lever had no programmed consequences. In this study, the number of times a lever was pressed was considered as a measure of the reinforcing action of the drug. [10, 11] 
Experimental design
Male Wistar rats (n = 40) were randomly allocated to the following four groups: 1. Saline group (S), which received 0.1 ml of saline in the self-administration sessions 2. Morphine group (M), which received morphine in a saline solution (5 mg/ml) during the self-administration sessions 3. Saline + exercise (S + E), in which the rats were run for 30 days on the treadmill followed by a 30 min break before they were placed in the self-administration apparatus to receive as much saline as would the animals in the saline group 4. Morphine + Exercise group (M + E), in which the rats were run for 30 days on the treadmill followed by a 30 min break before they were placed in the self-administration apparatus to receive as much morphine as the animals in the morphine group would.
At the end of the experiment, all the animals received naloxone (2 mg/kg, s.c.) and withdrawal signs were recorded for 30 min.
Training phase
Ten days before the experiments, the animals were transferred to a special room and the day-night cycle was reversed (light on at 7 pm). The experiments were subsequently carried out during the dark phase. Before the surgery, the training program was started after 24 h of food restriction. The animals were then placed in the self-administration apparatus where a lever filled with food pellets was available. Each lever pressing resulted in the delivery of a 100-mg pellet (20) . Each rat would entertain the self-training until 40 pellets had been received. Following the acquisition of the lever-pressing behavior, the rats were returned to their ad libitum food diet and allowed to gain weight for 3 days before the surgery. [11, 12] 
Treadmill running
Before running on the treadmill, the rats were left for a few days with it to learn how to run on the treadmill. This also helped identify the sick or lazy rats, which would then be excluded from the experiment. The remaining rats would then undergo the iv cannulation and allowed for 6 days to recover from the surgery. The running period for all the groups consisted of 5-60 min of running for 30 days on a flat treadmill at a rate of 5-20 m/min. After a 30 min break, they would be placed in the self-administration apparatus and continuous experiments for 11 days.
Surgery (stereotaxic and jugular vein catheterization)
All the surgical procedures were conducted under chloral hydrate (450 mg/kg) used as the anesthesia and the jugular vein was exposed. The catheter would be inserted into the jugular vein through a hole previously marked and guided subcutaneously up to the skull. The catheter would then be fixed to a metal tube, secured to the skull with small screws, and fixed with dental acrylic cement. After the cement completely dried and hardened, one stainless steel stylet would be used to occlude the catheter during the recovery period. Finally, the animals were individually housed and allowed to recover for 5-7 days before the experiments.
[13]
Self-administration phase
Seven days after recovery and following 24 h of food restriction, the rats were placed into the operant chambers where a lever filled with food pellets was available.
Each active lever pressing resulted in the delivery of a 100-mg pellet. The jugular cannula was connected to an infusion pump, and the animals were placed in the self-administration apparatus for 2 h and each day on a fixed ratio of one schedule. [11] The trained animals were allowed to press active and passive levers freely. By pressing the active lever, the rats would receive 0.1 ml of morphine and small pellets during the first 6 days, and morphine without pellets in the final 5 days of the experiment. Pressing the passive lever would not deliver any fluid or food. Food availability was restricted during the first 6 of the self-administration period for rats to reduce body weight by 15%; this practice has been shown to facilitate the initiation of iv self-administration. [12] Changes of <15% in the number of injections during the past 3 days were considered as the baseline. On the following 5 days, the animals had free access to food. Catheters were flushed daily with 0.1 ml saline containing heparin sulfate (50 U/ml) during the recovery period as well as before and after the self-administration sessions. All the operant sessions were conducted during the animals' dark cycle during this phase of experiments. Catheter potency was tested by the injection of 0.1 ml of sodium pentobarbital solution (10 mg/ml) into the catheter and animal behavior was subsequently observed. Animals with potent catheters exhibited prominent signs of anesthesia (loss of muscle tone) a few seconds after drug administration. [12] Withdrawal syndrome signs Using a naloxone injection (2 mg/kg), withdrawal syndrome signs (climbing, grooming, stretch, defection, teeth chattering, jumping, genital grooming, and shaking) were precipitated and recorded within 30 min after the injection of naloxone on the last day of the experimental period. Before injection of naloxone, nociceptive behavior tests have been done.
Nociceptive behavioral tests
Tail flick test
The tail flick examination using a slightly modified version of the method described in D'amour and Smith [14] was used to determine analgesic and anti-nociceptive activities in rats. For this purpose, a radiant heat automatic tail flick analgesiometer was employed to measure reaction latencies. The basal reaction time of animals was recorded by locating the tip (the end 1-2 cm) of the tail on the radiant heat source. Tail removal from the radiant heat was taken as the endpoint. A cutoff time of 15 s was allowed to avoid tail injury by heat. The latent periods of the tail flick response were determined 30, 45, and 60 min after drug administration on the last day of the experimental period. After this time, each rat received naloxone and transferred it to other cage, and the withdrawal signs were recorded.
Hotplate test
The hot-plate test was used to determine analgesic activity according to the method described in Eddy and Leimbach [15] with minor modifications. In brief, the rats were retained on a hot plate at a constant temperature of 55°C ± 1°C. The time taken for either paw licking or jumping was recorded. Each rat was individually placed on the hot plate to find the animal's reaction to electrical heat-induced pain (licking of the forepaws and eventually jumping). A cut-off time of 50 s was used to avoid injury by heat. The latency until the rat showed the first signs of discomfort (hind paw lifting, hind paw licking, or jumping) was recorded, before (baseline), and the response was determined 30, 45, and 60 min after drug administration on the last day of the experimental period.
Data analysis
The data obtained were reported as means ± standard error of the mean the different groups were compared with respect to their active and passive lever pressings and number of self-infusions using the repeated-measures one-way analysis of variance (ANOVA) and Tukey's post hoc comparisons.
The mean values for the number of active and passive lever pressings during the past 6 days, the number of active and passive lever pressings in each session among the different groups (summed over eleven sessions), and the withdrawal signs and reaction times of the tail flick and hot plate tests were compared using the one-way ANOVA and Tuckey's post hoc comparisons. The results were declared statistically significant at P < 0.05. Figure 1 presents the number of self-infusions at the initiation of morphine self-administration. Running activity significantly (P < 0.001) decreased the number of self-infusions during the past 6 days in the morphine + exercise (M + E) group compared with the morphine (M) group. This is while no insignificant increase was observed in the number of self-infusions in the saline + exercise (S + E) and morphine + exercise (M + E) groups compared with the saline (S) group.
Results
Self-administration
The number of active lever pressings was significantly (P < 0.001) higher in the morphine group than that in the saline group [ Figure 2a] , indicating that the animals pressed the active lever to obtain morphine. However, the number of active lever pressings significantly (P < 0.001) decreased in the exercise + morphine group compared with the morphine and saline groups [ Figure 2 ]. No significant differences were observed across the groups in the number of passive lever pressings [ Figure 2b ].
All the groups exhibited a significantly (P < 0.001) higher mean number of active lever pressings during the past 6 days (i.e., following the end of food restriction) than that of passive lever pressings [ Figure 3 ]. As shown in Figure 3 , the mean number of active lever pressings during the past 6 days significantly increased (P < 0.001) in the morphine group compared with the saline group [ Figure 3 ]. The exercise group exhibited a significantly lower mean number of active lever pressings during the past 6 days than did the saline and morphine groups (P < 0.01 and P < 001, respectively). There is no evidence why exercise reduced number of active lever pressing compared to control group. It is possible that saline group did not receive morphine during experiment and motor movement is high.
Withdrawal syndrome signs
The withdrawal signs, such as climbing, grooming, stretching, defection, teeth chattering, jumping, genital grooming, and shaking, are reported in Table 1 . These signs were recorded 30 min after the naloxone injection 12 days after drug self-administration. Clearly, nearly all the signs exhibited significantly fewer occurrences in the morphine + exercise group as compared with the morphine group.
Nociceptive test containing tail flick and hot plate tests
No significant differences (P > 0.05) were observed among the groups with respect to the anti-nociceptive effect in the tail flick test [ Figure 4a ]. The analgesic effect of exercise was, however, significantly greater in the morphine + exercise group than that in the morphine group. This latter group exhibited a significantly greater number of reaction times to the hot plate than did the saline group after 30, 45, and 60 min (P < 0.01, P < 0.01, and P < 0.001, respectively) [ Figure 4b ].
The exercise was found to have a significant influence on the reaction times by the animals to the hot plate after 30, 45, and 60 min when compared with the morphine group only [ Figure 4b ]. Moreover, exercise was observed to have a significant effect on the anti-nociceptive activity as measured after 30, 45, and 60 min in the morphine + exercise group when compared with the saline group [ Figure 4b ].
Discussion
The study results showed that exercise reduced the numbers of both active lever pressings and morphine infusions. On the other hand, morphine self-infusion and morphine-induced craving behavior were attenuated after running in the exercise protocol used in this study. These results agree with those of other studies that showed treadmill running exercise reversed memory deficit after morphine administration and that forced exercise improved passive avoidance memory in morphine-exposed rats. [16, 17] Previous research had shown that treadmill running improves long-term potentiation in the dentate gyrus and promotes spatial memory in rats. [18] [19] [20] In a recent study, number of infusions, which characterizes addiction to morphine, was found to decline with exercise [ Figure 1 ]. In agreement with these results, the heroin-seeking behavior in a self-administration paradigm reportedly reduced in mice. [21] Chronic exercise has also been reported to reduce sensitivity to morphine effects, [22] and experimental rhythmic exercise has been claimed to activate the central Figure 1 : Comparison of self-infusion times among the four groups on all the experimental days. Data are presented as mean ± standard error of the mean. Infusion times were significantly (P < 0.05) higher in the morphine group than they were in the saline group but the exercise reversed this morphine effect. *P < 0.05, **P < 0.01, ***P < 0.001 with respect to saline group # P < 0.05, ### P < 0.01, ### P < 0.001 with respect to morphine group Clearly, the number of active lever pressings during the past 6 days was greater in the morphine group than in the saline group (P < 0.001) while in the morphine + exercise group, it was less than that in the morphine groups ( ### P < 0.001) but higher than that in the saline group (P < 0.001). (b) No significant differences were observed among the groups with respect to number of passive lever pressings. *P < 0.05, **P < 0.01, ***P < 0.001 with respect to saline group. # P < 0.05, ### P < 0.01, ### P < 0.001 with respect to morphine group b a opioid systems. [23] The study has also shown exercise to be a useful component of alcohol treatment programs [24] and to have a positive effect on smoking cessation. [25] Our results also indicated that aerobic exercise in the morphine group of rats decreased the intensity of their withdrawal syndrome signs [ Table 1 ] compared with the no-exercise morphine group, indicating the role of exercise in inhibiting morphine utilization. These results of our experiments are different with others which did training less than this time and also the kind of exercise (our exercise was aerobic and 30 days). The mechanism involved may be the activation of the endogenous opioid system by treadmill running; this hypothesis is confirmed by the results of others studies which indicate that cerebrospinal fluid beta-endorphin levels increase as a result of voluntary chronic running in rats. [26, 27] Overall, the evidence shows that endogenous opioid levels increase after exercise.
The next step in this study was to investigate the effect of exercise on central and peripheral pains. Our results showed that the analgesic effect of morphine decreased significantly under exercise [ Figure 4 ]. In agreement with this finding, previous investigations have revealed the long-lasting anti-nociception effect of aerobic exercise in untreated animals. [27] Moreover, aerobic exercise has been found to alleviate not only chronic neuropathic pain [28] but also chronic muscle pain. [29] Shokraviyan et al. showed that the analgesic effect of exercise was greater in rats treated with morphine than that in those receiving saline. [30] The present results revealed that running activity attenuated the analgesic effect of morphine in central pain in the hot plate test but had no such effect on peripheral pain in the tail flick test [ Figure 4 ], probably due to the release of endogenous opioid in the brain. Contrary to our Withdrawal syndrome signs (climbing, grooming, stretch, defection, teeth chattering, jumping, genital grooming, and shaking) were precipitated using a naloxone injection on the last day of the experiment results, those of previous studies indicate the reduced tail withdrawal latencies in the exercise group relative to the sedentary group; these results were, however, unexpected and could not be readily explained by endogenous opioid activity. [31] This is while other studies have shown that centrally acting drugs, such as opioids, prevent both phases of pain. [32] The anti-nociceptive effect was observed in this study to increase in the morphine group relative to the saline one [ Figure 4 ]. Our results also showed that aerobic exercise was more effective in the central rather than in the peripheral anti-analgesic effect of morphine, suggesting a central anti-nociceptive mechanism possibly involved. The mechanism involved in the exercise-induced analgesia is not fully known, but it may be explained in part by the activation of endogenous opioid-mediated pain modulation systems. [33] It has been shown that aerobic exercise stimulates the release of beta-endorphin and other endogenous opioid peptides that are believed to be responsible for the increased nociceptive threshold after training. [34] Support for these results comes from the findings of a study that showed the opioid antagonist naloxone to prevent elevated nociceptive threshold following exercise in normal volunteers [35] .
Conclusion
In this study aerobic exercise reduced craving to morphine by decreased number of active lever pressing. It could be preventing the development of morphine dependence via self-administration and analgesic effects of morphine reduced centrally by hot plate test. The intensity of aerobic exercise is positively correlated with the release of beta-endorphin and other opioid peptides.
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